Because jasmonic acid regulates a number of processes, including the expression of vegetative storage proteins in soybean (Glycine max l.) leaves, the relative activity of a specific portion of the jasmonic acid biosynthetic pathway in soybean tissues was examined. Allene oxide synthase and allene oxide cyclase were examined because they constitute a branch point leading specifically from 13(S)-hydroperoxy-9(Z),ll (Ej,15(Z)-octadecatrienoic acid to 12-oxo-phytodienoic acid, the precursor of jasmonic acid. From growing plants, seed coats (hila plus testae) of green fruits (38 d postanthesis) were most active, eliciting about 1.5 times greater activity on a per milligram of protein basis than the next most active tissue, which was the pericarp. leaves from fruiting plants were only one-seventh as active as seed coats, and activities in both immature cotyledons and embryonic axes were very low. No activity was detected in any part of stored, mature seeds. After 72 h of germination of stored seeds, a small amount of activity, about 4% of that in immature seed coats, was found in the plumule-hypocotyl-root, and no activity was detected in the cotyledons. The high levels of jasmonic acid biosynthetic enzymes in soybean pericarp and seed coat suggest a role for jasmonic acid in the transfer of assimilate to seeds.
Formation of 12-0PDA is an inaugural event in the pathway to jasmonic acid via 7-iso-jasmonic acid (Vick and Zimmerman, 1983) . Lipoxygenase oxidation of linolenic acid followed by a sequential action of allene oxide synthase and allene oxide cyclase on a lipoxygenase product, 13S-HPOT, results in the formation of 12-0PDA (Zimmerman and Feng, 1978; Hamberg et a1., 1988; Hamberg and Fahlstadius, 1990 ; reviewed by Hamberg and Gardner, 1992) . The nomenclature for allene oxide synthase has come into recent usage after the enzyme was identified as a Cyt P450 (Song and Brash, 1991) and sequenced (Song et a1., 1993) . However, this enzyme's International Union of Biochemistry and Molecular Biology name is hydroperoxide dehydratase (EC 4.2.1.92), and it has also been known as hydroperoxide isomerase (Zimmerman, 1966) , hydroperoxide cyclase (Zimmerman and Feng, 1978) , and fatty acid hydroperoxide dehydrase (Hamberg, 1987) .
Jasmonic acid has been detected in soybean by Meyer et a1. (1984) , Anderson (1985) , and Creelman and Mullet (1994) . In soybean, jasmonic acid has been demonstrated to play an important role in the induction of vegetative storage proteins in leaves (reviewed by Staswick, 1990) . Although it is not known whether jasmonic acid is involved in soybean seed development, Lopez et a1. (1987) found high levels of jasmonates in the hilum, testa, and vascular tissues of the pericarp, whereas the cotyledons and embryonic axes of seeds had low jasmonate contents. Localization of the jasmonate pathway enzymes is important to give an insight into physiological effects that this phytohormone may have in these tissues.
We are aware of no work that has examined the formation of 12-0PDA from 13S-HPOT in soybean (Glycine max L.) tissues. In our present study, the biosynthesis of 12-OPDA in soybean leaves, fruits, and seeds is shown to parallel the reported occurrence of jasmonic acid in these tissues.
MATERIALS AND METHODS

Enzyme Preparation
Soybean plants (Glycine max L. cv Century) were grown in both the field and greenhouse from commercial beans harvested in 1988 and stored at 4°C. Field-grown Glycine max L. cv Williams was used only in studies of 12-0PDA biosynthesis as a function of leaf age. The age of the fruit (DAF) was determined according to the method of Carlson (1973) , and the maturity of pods was confirmed by several timed trials from the time of flowering.
The plant tissues were suspended in 5-fold the weight volume of 50 mM Tes buffer (Sigma 1 ; pH 7.5, K-salt) containing 0.5% Triton X-lOOR and homogenized at full speed on a Brinkmann Polytron model PTlO/35 for 30 s. Each homogenate was centrifuged at 10,000g for 30 min after filtering through two layers of cheesecloth. After a lipid layer was removed, the supernatant was used for enzyme assays. All preparations were kept ice cold. Protein was determined by the method of Smith et a1. (1985) .
1 Names are necessary to report factually on available data; however, the U.s. Department of Agriculture neither guarantees nor warrants the standard of the product, and the use of the name by the U.s. Department of Agriculture implies no approval of the product to the exclusion of others that may also be suitable.
Abbreviations: 13S-HPOT, 13(S)-hydroperoxy-9(Z),11(E),15(Z)-octadecatrienoic acid; a-ketol, 12-oxo-13-hydroxy-9(Z),15(Z)-octadecadienoic acid; 12-0PDA, 12-oxo-phytodienoic acid.
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Simpson and Gardner Plant Physiol. Vol. 108, 1995 Enzyme Assay Substrate 13S-HPOT was prepared from linolenic acid (Nu Chek Prep, Elysian, MN) by oxidation with lipoxygenase, type I (EC 1.13.11.12) (Sigma) using the method of Gardner et aI. (1991) . Reactions were initiated by adding a methanolic solution of 13S-HPOT (28 mg/mL methanol) to the soybean supernatant (usually 10 mL) at a final concentration of 1 mM. A control incubation did not include substrate but included a small volume of methanol identical with that used to dissolve the substrate (111 JLL CH 3 0H/I0 mL). The reactions proceeded for 15 min at 25°C, after which the mixture was acidified to pH 4 and extracted with 3 volumes of CHCl 3 :CH 3 0H (2:1, v Iv). Fatty acids from the CHCl 3 phase were methylated with a 30-s exposure to diazomethane in ethyl ether:CH 3 0H (9:1, v Iv), after which diazomethane and solvent were removed by vacuum. Methyl esters of 12-0PDA, a-ketal, 13-hydroxy-9(Z),11 (E), 15(Z)-octadecatrienoic acid, and unreacted 13S-HPOT were separated from large quantities of other lipids by TLC (E. Merck precoated silica 60 F-254 plates, 0.25 mm X 20 cm X 20 cm) using hexane:ether, 3:2 (vIv) as a developing solvent. TLC scrapings were extracted with ethyl acetate, and tetracosane was added to each sample as an internal standard. The esters were dissolved in 1 mL of hexane for further analyses.
Analysis of Products
GLC analyses were performed on a Hewlett-Packard model 5890 gas chromatograph (Wilmington, DE) with a Supelco (Bellefonte, PA) SPB-l methylsilicone column (30 m X 0.32 mm, 0.25-JLm film thickness) using a temperature program of 160 to 260°C at 5°C/min, followed by 260°C for 1 min. Carrier gas (He) flow was 2 mL/min.
GCMS was completed with a Hewlett-Packard GC-MS model 5890 series II GC interfaced 'with a 5971 series mass spectrometer. The GC column was an HP 5MS cross-linked phenyl methyl silicone (30 m X 0.25 mm, 0.25-JLm film thickness). Temperature programming was the same as that used in the previous GLC analysis, except for a 5.0-min hold at 260°C. Carrier gas flow (He) was 0.67 mL/min.
Preparation of a-Ketol Derivative
For improved analysis of a-ketol methyl ester, samples were derivatized after analysis of 12-0PDA methyl ester. Samples were first hydrogenated with H 2 and 5% Pd on CaC0 3 in methanol while stirring for 1 h. After the sample was filtered and the solvent was removed, the residual hydrogenated ester was converted into a trimethylsilyloxy derivative with trimethylchlorosilane:hexamethyldisilazane:pyridine (3:2:2, v /vIv). The reagent was evaporated under N 2 , and the residue was dissolved in hexane for GLC and GC-MS.
RESULTS
In this study, a portion of the jasmonic acid pathway from 13S-HPOT to 12-0PDA was examined using various soybean tissues as the enzyme source. Shown in Figure 1 the enzymes involved are allene oxide synthase (Hamberg, 1987; Song and Brash, 1991) and allene oxide cyclase (Hamberg and Fahlstadius, 1990) . Because large percentages of the spontaneous hydrolysis product of allene oxide (aketal) appear when allene oxide cyclase activity is low (Hamberg and Fahlstadius, 1990) , the activity of this enzyme was implied from the relative ratio of a-ketal to 12-0PDA. Methyl 12-0PDA and a-ketal were identified in soybean tissue extracts by comparison with the identical compounds obtained from the reaction with 13S-HPOT and Zea mays L. seed-germ extracts, known to contain the appropriate enzymes (Gardner, 1970; Hamberg et aI., 1988; Hamberg and Fahlstadius, 1990) . The samples from the Z. mays reaction were identified by lH-NMR. Authenticity of soybean-derived 12-0PDA and a-ketal was checked by GC-MS and GLC retention time as their methyl esters. Because natural 12-0PDA tends to isomerize from cisoriented side chains relative to the cyclopentenone ring into a trans-oriented form, both detected isomers were added together as total 12-0PDA. The mass spectra of both isomers (methyl ester) were similar to that reported by Zimmerman and Feng (1978) .
Shown in Table I , the highest activity of 12-0PDA biosynthesis (sequential action of allene oxide synthase and allene oxide cyclase) in tissues of fruiting plants was found in the seed coat (hilum plus testa) followed by the pericarp. Data were calculated on a per fresh weight of tissue basis, and selected assays were also calculated on a per milligram of protein basis. Activities in the cotyledon or embryonic axis of the immature seed were very low and might be due to cross-contamination with the seed coat. Activity in randomly selected leaf tissue was low to intermediate, significantly less than the pericarp and seed coat. Because only traces of a-ketol were usually observed, a strong activity of allene oxide cyclase was indicated. Products obtained from mature, brown, whole pericarps (45 and 60 DAF) suggested an exception, where the formation of a-ketol exceeded that of 12-0PDA, thus indicating a loss of allene oxide cyclase from the mature pericarp.
In mature seeds (stored for 5 years at 4°C but still viable), no 12-0PDA biosynthesis could be found; however, a small amount of a-ketol biosynthesis (0.1 J.Lg/mg protein) was detected in the hypocotyl-radicle axis. After the seeds were germinated for 72 h at 25°C, only traces of 12-0PDA and a-ketol were biosynthesized from 13S-HPOT by cotyledon preparations. The hypocotyl (hypocotyl-radicle axis plus plumule) was the most active tissue from the 72-h seedling (60 ::t 10 J.Lg 12-0PDA/g fresh weight; 0.8 ::t 0.3 J.Lg 12-OPDA/mg protein; plus traces of a-ketol).
Shown in Table I , pericarp and leaves had relatively high levels of endogenous 12-0PDA, whereas other tissues gave low control values (minus 13S-HPOD. The net enzymic activity of selected tissues based on milligrams of protein with the endogenous activity subtracted from each sample is summarized in Table II .
Since a decreasing gradient of jasmonic acid has been found from youngest to oldest leaves in soybeans (Creelman and Mullet, 1994) and Vicia faba (Knofel et aI., 1984) , biosynthesis of 12-0PDA was also examined in leaves from the first to sixth internode of field-grown cv Williams 
DISCUSSION
There is a considerable difference in the distribution of allene oxide synthase and allene oxide cyclase activity in the various tissues of soybean. The end product of this pathway, jasmonic acid, causes expression of vegetative storage protein in soybean leaves (Huang et aI., 1991) . These vegetative storage proteins in leaves are suggested to be degraded subsequently for mobilization during the seed-fill stage (Staswick, 1990) . In our study, soybean leaves were found to give low to moderate activities of jasmonic acid pathway enzymes, allene oxide synthase and allene oxide cyclase. A higher activity found in the leaves of younger plants before flowering and fruiting is in accordance with the finding that jasmonic acid causes expression of vegetative storage protein in leaves, and vegetative storage protein is subsequently utilized for pod fill (Staswick, 1990) .
High endogenous activities seemed to be correlated with such green tissues as pericarp and leaves (Table n. One explanation may be the presence of galactosyldiglycerides in photosynthetic tissue. Since galactosyldiglycerides are enriched in linolenic acid, a cascade to 12-0PDA synthesis may be initiated by acyl hydrolases. By using radioimmunoassay, Lopez et aI. (1987) found high levels of jasmonic acid in soybean pericarp, hilum, and testa but low levels in the cotyledon and embryonic axis. When Creelman and Mullet (1994) used l3C-Iabeled jasmonic acid as an internal standard to determine jasmonic acid levels by GC-MS, they also found higher levels of jasmonic acid in the pericarp than in the leaves. Our work is consistent with those of Lopez et aI. (1987) and Creelman and Mullet (1994) . M. Hamberg (personal communication) also found relatively high levels of allene oxide synthase activity in V. faba pericarp. Whether jasmonic acid is involved in nitrogen assimilation during seed fill, similar to its role in expression of vegetative storage protein of soybean leaves, is of interest. Certainly, the enzymic pathway to jasmonic acid synthesis is active in tissues that are involved in the delivery of assimilate to seed, namely pericarp and seed coat. Wilen et aI. (1991) found that seed storage proteins, napin and cruciferin, could be expressed in Brassica llapllS embryo cultures by applying jasmonic acid. Our results suggest that future research is warranted to explore whether a similar regulatory control system exists in soybean.
